We present seven new widely separated companions of exoplanet host stars, detected via common proper motion, whose companionship could be confirmed with photometry, and in two cases also with follow-up spectroscopy. We derive the masses and projected separations of all detected companions, among them HD 107148 B, a further wide white dwarf companion of an exoplanet host star. The current multiplicity rate of the exoplanet host stars is found to be about 13 per cent.
I N T RO D U C T I O N
Since more than 15 years radial-velocity and photometric transit search campaigns could indirectly detect more than 800 exoplanets among about 650 stars in the solar neighbourhood. Most of these exoplanet host stars are isolated single stars, but several of them emerged as components of multiple stellar systems, mainly detected by ongoing seeing-limited and high-contrast AO-or Lucky-imaging surveys (see among others e.g. Mugrauer, Seifahrt & Neuhäuser 2007a; Ginski et al. 2012) . The results of these surveys are of great importance because their results allow one to test theories of the formation and evolution of planets in stellar systems. In addition, these results can be used to investigate the impact of stellar multiplicity on the formation of exoplanets and the evolution of their orbits. Several differences between the orbital parameters and masses of exoplanets in stellar systems and of those orbiting single stars were already reported in the literature, all of them concluded from results of imaging surveys, see e.g. , Roell et al. (2012) or most recently Kaib, Raymond & Duncan (2013) .
Most of the detected companions of exoplanet host stars are lowmass main-sequence stars with projected separations of a few tens up to several thousands of au. Besides low-mass main-sequence companions, also brown and white dwarf companions of exoplanet host stars could be identified via direct imaging observations (see e.g. Mugrauer et al. 2006; Mugrauer, Neuhäuser & Mazeh 2007b) . In some cases, the detected companions even turned out to be close binaries themselves, i.e. these systems are actually hierarchical triples (see e.g. most recently Ginski et al. 2013 ).
Since our latest summary paper about the stellar multiplicity of exoplanet host stars (see Roell et al. 2012 , and references therein), E-mail: markus@astro.uni-jena.de † Based on observations obtained at the La Silla observatory in ESO programmes 079.C-0099(A), 083.C-0276(A), 084.C-0256(A), and 087.C-0108(A).
six new binary and two triple stellar systems with exoplanets were reported in the literature, namely 1 Tres-4 AB and WASP-2 AB (Collier Cameron et al. 2007; Daemgen et al. 2009; Bergfors et al. 2013) , KELT-2 AB (Beatty et al. 2012) , α Cen BA (Dumusque et al. 2012) , WASP-77 AB (Maxted et al. 2013) , HD 23596 AB (Tokovinin & Lépine 2012) , HAT-P-8 A+BC (Ginski et al. 2013) , and WASP-12 A+BC (Bechter et al. 2013) .
All exoplanets in these systems orbit one component of the stellar systems, i.e. they exhibit S-type orbits. In the case of HD 20782 AB, planets were even detected around both stars in this system (see Jones et al. 2006; Mayor et al. 2011) . Then, in 2011 the first planets were found undoubtedly via transit observations on P-type orbits around close eclipsing binaries. Besides the systems of that kind, already listed by Roell et al. (2012) , two further eclipsing binaries with exoplanets were reported in the meantime, namely Kepler-38(AB) and Kepler-47(AB) (Orosz et al. 2012a,b) , as well as PH1(AB)+CD the first quadruple stellar system which hosts an exoplanet (see Schwamb et al. 2013) .
In this paper, we present the latest results of our ongoing widefield imaging survey carried out at the La Silla Observatory in Chile, supplemented by searches in astrometric catalogues, to detect wide comoving companions of exoplanet host stars. We show the astrometry of all newly found companions in Section 2, and summarize their photometric and spectroscopic data in Section 3. In the last section, we discuss the properties of the detected comoving companions.
S E A R C H F O R C O M PA N I O N S O F E X O P L A N E T H O S T S TA R S
In the course of our ongoing multiplicity study of exoplanet host stars on the southern sky, we carry out wide-field infrared imaging 1 The literature given here refers in most cases to the proof of companionship of the companions not to their first imaging detection. observations with the infrared camera and spectrograph SofI/NTT at the La Silla Observatory, in Chile. Each exoplanet host star is observed in the H band with a total integration time of 10 min, the average of 10 images taken in jitter mode (jitter width of 20 arcsec) with short detectors integrations (DIT = 1.2 s, NDIT = 50). All stars are imaged in two observing epochs with at least one year of epoch difference. By comparing our SofI images from both observing epochs with each other, as well as with images from the 2 Micron All Sky Survey (2MASS), taken several years before our SofI observations, (sub)stellar companions of the observed exoplanet host stars can be identified as objects, which share a common proper motion with the exoplanet host stars. Our SofI images are astrometrically calibrated with reference sources from the 2MASS Point Source Catalog (Skrutskie et al. 2006 ). The astrometrical calibration of all SofI observing runs, whose data are presented here, is summarized in Table 1 .
In addition to our SofI imaging survey, we also search for comoving companions of exoplanet host stars in the astrometric all-sky catalogues NOMAD-1 (Zacharias et al. 2004) , the third and fourth edition of the UCAC catalogue (Zacharias et al. 2010 (Zacharias et al. , 2013 , as well as the Hipparcos catalogue (abbreviation HIP from here on; see van Leeuwen 2007) . We probe angular separations up to 5 arcmin around each of our targets, sufficiently large to detect wide companions with projected separations of up to ∼60 000 au, in average.
In total, we detected seven new stellar companions of exoplanet host stars and confirmed the companionship of the previously reported companions of HD 107148 and HD 170469. The SofI or 2MASS images of the detected companions are shown in Fig. 1 . The astrometry of the companions relative to their primaries, as measured in our SofI images and by 2MASS, are summarized in Table 2 . In this table, we also list for all observing epochs the expected angular separations and position angles of the detected companions in the case that these objects would be non-moving background sources. The significance to reject this background hypothesis in both separation and positional angle is also listed in Table 2 .
Detected comoving companions of exoplanet host stars
The exoplanet host star 18 Del is a G6 giant (Sato et al. 2008) , which is located at a distance of about 75 pc (π = 13.28 ± 0.31 mas, see HIP). The star is listed in the Washington Double Star catalogue (abbreviation WDS from here on; see Mason et al. 2001) HD 4113 is a mid-G dwarf, which hosts an exoplanet (Tamuz et al. 2008 ). The star is located at a distance of about 44 pc (π = 22.70 ± 0.84 mas, see HIP) in the constellation Sculptor. With SofI, we found a comoving companion of the star, which is located about 49 arcsec north of HD 4113. The background hypothesis of the newly detected comoving companion can be rejected on a 13σ level. We identified HD 4113 and its comoving companion also in the UCAC4 catalogue (pm A = [48.9 ± 1.3, −107.1 ± 1.3] mas yr The exoplanet host star HD 107148 ) is a mid-G dwarf, located at a distance of about 51 pc (π = 19.53 ± 0.75 mas, see HIP) in the constellation Virgo. The star exhibits a faint secondary about 35 arcsec south of the star, which was first reported by Tokovinin & Lépine (2012) . Our SofI astrometry compared to 2MASS confirms the companionship of this system, whose background hypothesis can be ruled out on a 6σ level.
HD 108863 is a subgiant in the constellation Coma Berenices, which is located at a distance of about 139 pc. The star hosts an exoplanet (Johnson et al. 2011) ). This conclusion can be rejected only on a significance level of 0.2σ for proper motion and 1.3σ for parallax, respectively.
HD 170469 is a mid-G-type subgiant star, which harbours an exoplanet ). The star is located at a distance of about 63 pc (π = 15.94 ± 1.03 mas, see HIP) in the constellation Ophiuchus. Tokovinin & Lépine (2012) reported a companion about 43.1 arcsec southeast of the star. Our SofI astrometry compared to 2MASS confirms the common proper motion of the HD 170469 AB system (rejection of background hypothesis on a 7σ level). HD 170469 A and B are also listed in the UCAC3 catalogue with pm A = [−48.1 ± 0.8, −17.1 ± 0.5] mas yr −1 and pm B = [−53.1 ± 2.7, −18.9 ± 4.6] mas yr −1 . The exoplanet host star HAT-P-4 (Kovács et al. 2007 ) is an early-G-type star at a distance of 310 ± 30 pc in the constellation Bootes. In the UCAC4 catalogue, we identified an object about 91.8 arcsec south from HAT-P-4, whose proper motion is consistent with that of the exoplanet host star (pm A = [−21.9 ± 0.8, −24.3 ± 0.7] mas yr −1 , pm B = [−21.7 ± 0.7, −24.9 ± 0.9] mas yr −1 ). The significance level to reject this conclusion is only 0.6σ .
HATS-1 is the first transit exoplanet host star discovered by the HATSouth survey (Penev et al. 2013 ). The star is a dwarf, located at a distance of 303 +38 −23 pc in the constellation Crater. In the UCAC4 catalogue, we identified an object about 228.9 arcsec south-west from the star, which shares a common proper motion with the exoplanet host star (pm A = [−20.7 ± 0.8, −2.5 ± 1.3] mas yr −1 , pm B = [−22.7 ± 1.7, −1.1 ± 1.8] mas yr −1 ).
This conclusion can only be rejected on a significance level of 1.2σ .
P H OTO M E T RY A N D S P E C T RO S C O P Y

Photometry of detected comoving companions
We use aperture photometry to determine the apparent H-band magnitudes of all companions, detected in our SofI images and list them together with their 2MASS infrared photometry in Table 3 . With the known distances of the exoplanet host stars we derive the absolute Fig. 2 , together with the 5 Gyr isochrone of the Baraffe et al. (1998) models and comparison dwarfs with well-known colours and absolute magnitudes. All companions are fainter than their primaries, and their photometry, except that of HD 107148 B, is consistent with stellar dwarfs located at the distances of the exoplanet host stars. Hence, the companionship of all these objects, which share a common proper motion with the exoplanets host stars, is confirmed by photometry. In contrast, HD 107148 B is a very faint source in the infrared, which is detected by 2MASS only in the J band but with a large photometric uncertainty. From its rough V − J colour, Tokovinin & Lépine (2012) already proposed that the companion could be a possible white dwarf. However, more accurate photometric measurements are needed to better constrain the properties of this companion. From our SofI images, we could obtain accurate H-band photometry of HD 107148 B, which is listed in Table 3 . In average, we measure H = 16.285 ± 0.053 mag, which yields the absolute magnitude of the companion M H = 12.74 ± 0.10 mag and its colour J − H = 0.368 ± 0.132 mag. Hence, HD 107148 B is faint but appears much bluer in the infrared than it is expected for low-mass stellar or substellar companions of the exoplanet host star, while its photometry is fully consistent with a white dwarf companion.
We identified HD 107148 B also in the ninth release of the Sloan Digitized Sky Survey (SDSS) photometric catalogue (Ahn et al. 2012) , which provides accurate optical photometry of the companion, summarized in Table 3 . The photometry in the optical spectral range together with the measured infrared photometry of HD 107148 B allows a better characterization of the companion. We derived the colours and absolute magnitudes of HD 107148 B for all available photometric bands and compared them with synthetic colours and evolutionary models of white dwarfs from Holberg & Bergeron (2006) , Kowalski & Saumon (2006) , Tremblay, Bergeron & Gianninas (2011) , and Bergeron et al. (2011) . We find that the photometry of HD 107148 B agrees best with a DA white dwarf at the distance of the exoplanet host star (∼51 pc), which exhibits a mass of 0.6 M , an effective temperature of T eff = 6250 ± 250 K, and a cooling age of 2.1 ± 0.3 Gyr.
According to the initial-to-final mass relation of white dwarfs from Catalán et al. (2008) the mass of HD 107148 B corresponds to an initial mass of its progenitor star of 1.8 ± 0.2 M . The main-sequence lifetime of such a star can be estimated to be about 1.7 ± 0.6 Gyr, assuming a main-sequence lifetime of t MS ∝ M −3 with t MS = 10 Gyr. Therefore, together with its cooling age, the age of HD 107148 B can be constrained to be about 3-5 Gyr, which should also correspond to the age of its primary, assuming that both components of the HD 107148 AB system are coeval. The derived age of HD 107148 B is fully consistent with the age estimate of the exoplanet host star, determined by different authors, e.g. 2.9-5.6 Gyr by Valenti & Fischer (2005) , 3-6 Gyr by Ghezzi et al. (2010) , and 4.6 ± 2.5 Gyr by Gonzalez, Carlson & Tobin (2010) .
Follow-up spectroscopy of HAT-P-4 B and HD 16417 B
For the two comoving companions HAT-P-4 B and HD 16417 B, we could already take follow-up spectra, to confirm their companionship also via spectroscopy.
For the exoplanet host star HAT-P-4, Ammler-von Eiff et al. (2009) obtained an effective temperature T eff = 6054 ± 60 K, consistent with a spectral type (SpT) of G0, following the T eff -SpT relation from Kenyon & Hartmann (1995) . HAT-P-4 B is only slightly fainter than its primary ( H = 0.39 ± 0.03 mag). Hence, from its Photometric data of HD 107148 B 16.25 ± 0.08
14.953 ± 0.085 14.162 ± 0.084 13.953 ± 0.084 13.734 ± 0.084 13.848 ± 0. Baraffe et al. (1998) models and comparison dwarfs from HIP (Perryman et al. 1997) shown as circles, from the nearby stars catalogue (Gliese & Jahreiss 1995) shown as triangles, as well as from Cruz et al. (2003) shown as squares, all with small uncertainties, illustrated by the grey error bars in the lower-left corner of the diagram with (H − K s ) < 0.05 mag and (M H ) < 0.25 mag. The photometry of all comoving companions, shown in the diagram, is consistent with dwarfs located at the distances of the exoplanet host stars. . CAFOS spectra of HAT-P-4 A and its comoving stellar companion together with comparison spectra from the spectral library of Le Borgne et al. (2003) . The spectrum of the companion is consistent with a solar-like dwarf. It is slightly later than that of its primary and best fits to an SpT of G2V.
photometry we expect that the comoving companion exhibits an SpT a bit later than that of the exoplanet host star, i.e. it should be an early-G-type dwarf.
The follow-up spectroscopy of HAT-P-4 B was obtained on 2011 February 8 with CAFOS at the CAHA 2.2 m telescope, in Spain. In total. four spectra (one with 150 s and three with 180 s of integration time) were taken with CAFOS's grism R-100 (dispersion of ∼2 Å pixel −1 ) using a slit width of 0.6 arcsec. The spectra were flat-fielded with domeflats and spectra of a combination of three arc-lamps (HgCd/Ar, He, and Rb) were used for the wavelength calibration. Both components of the HAT-P-4 system were positioned on the slit, and the primary served as a flux calibrator. Fig. 3 shows our CAFOS spectra of HAT-P-4 A and B together with comparison spectra from the Le Borgne et al. (2003) spectral library. Both components of the HAT-P-4 AB system exhibit very similar spectra, consistent with their photometry. However, the continuum of the spectrum of HAT-P-4 B is slightly flatter than the one of its primary, and the spectrum is most consistent with an SpT of G2V. Hence, the companionship of HAT-P-4 B, detected with astrometry (common proper motion), is confirmed with photometry and spectroscopy.
HD 16417 B is significantly fainter than its primary ( H = 7.4 ± 0.2 mag), and the derived absolute magnitudes of the companion in the J, H, and K s band agree well with those of mid-M dwarfs, as described in Reid et al. (2004) . From its photometry, we expect that the companion is an M5-M6 dwarf. In order to confirm this SpT estimate, on 2011 September 10, we obtained follow-up spectra of HD 16417 B in the H and K band with SofI in its spectroscopy mode. We used the grism RED in combination with a 1 arcsec slit, which offers a resolving power R = 588 and dispersion of 10.22 Å pixel −1 . Ten frames each with an integration time of 60 s were taken and the telescope was always nodded by 90 arcsec between two positions along the slit. In addition, a 5 arcsec random jitter was applied to each nodding position. For wavelength calibration, we took spectra of a xenon arc-lamp directly after the spectroscopy of the comoving companion, without changing the telescope position, which suppresses instrument flexures. The background substraction, flat-fielding (with domeflats), spectra extraction, wavelength (Cushing et al. 2005) . The most prominent atomic and molecular spectral features are indicated. The spectra of HD 16417 B best fits with those of M5-M6 dwarfs, fully consistent with the SpT of the companion derived from its infrared photometry.
calibration, and final averaging of all spectra was done with standard IRAF routines for spectroscopic data reduction. For the removal of telluric features in the reduced spectra, as well as for the flux calibration of the spectra, we observed the telluric standard star HIP 14898 (B3V) directly after the spectroscopy of HD 16417 B, with a minimal airmass difference between science and calibration spectra of less than 0.05. The reduced and flux-calibrated H-and K-band spectra of HD 16417 B are shown in Fig. 4 together with template spectra from the IRTF spectral library (Cushing, Rayner & Vacca 2005) .
In the H band, the most prominent features in the spectrum are those of Kalium at 1.517 µm, the line series of FeH (strongest feature at 1.625 µm), and the flux depression induced by H 2 O at wavelength longer than 1.75 µm. In the K band, the sodium doublet at 2.208 µm and that of calcium at 2.265 µm are detected, together with the strong features of the CO series, extending from the band head at 2.294 µm to longer wavelengths. At wavelengths longer than 2.3 µm, the spectrum exhibits a flux depression induced by H 2 O, typical for dwarf spectra of SpT M5-M6. Hence, HD 16417 B is an M5-M6 dwarf, fully consistent also with the infrared photometry of the comoving companion, i.e. the companionship of HD 16417 B is confirmed with photometry and spectroscopy. Table 4 . SofI H-band detection limits. We list the achieved (S/N = 10) detection limits, as well as the minimum masses of detectable companions, derived with the distances of the exoplanet host stars and the Baraffe et al. (2003) evolutionary models for the average age of the stars of 5 Gyr. In the last column, we list the range of projected separation in which all stellar companions of the observed stars can be detected in our SofI images. The averaged S/N = 10 detection limit of our SofI imaging survey, dependent on the angular separation, is illustrated in Fig. 5 
C O N C L U S I O N S
We detected seven new comoving companions of exoplanet host stars and confirmed the common proper motion of the previously reported exoplanet host binary systems HD 107148 AB and HD 170469 AB. The companionship of all comoving companions could be confirmed with photometry and for HD 16417 B and HAT-P-4 B also with follow-up spectroscopy.
We obtained H-band images of six exoplanet host stars and their comoving companions in two observing epochs. Thereby, we fully probe angular separations up to about 147 arcsec around the stars and achieve an averaged [signal-to-noise ratio (S/N) = 10] detection limit of H = 17.9 mag in the background-limited region around our targets. This allows the detection of comoving companions with masses down to about 64 M Jup , derived with the distances of the exoplanet host stars and the Baraffe et al. (2003) evolutionary models for the average age of the exoplanet host stars of 5 Gyr. The individual detection limits for all targets are summarized in Table 4 . Besides the identified comoving companions all further detected sources in our SofI images turned out to be non-moving background sources. In particular, we can rule out any additional stellar companions of the observed exoplanet host stars with projected separations between about 360 and 8700 au, in average.
The average detection limit of our ongoing SofI large-field imaging survey is illustrated in Fig. 5 . A limiting magnitude of about 18.4 mag is reached in the background-limited region at angular separations beyond about 30 arcsec from the bright planet host stars. The stars saturate the SofI detector in average at angular separations smaller than about 1.3 arcsec, i.e. companions cannot be detected in this region via seeing-limited imaging, but are detectable in our ongoing high-contrast imaging surveys of planet host stars using the Lucky-and AO-imaging techniques.
We derive the projected separations of the detected comoving companions using the well-known parallaxes of the exoplanet host stars and the angular separations of their companions, as measured in the individual observing epochs. Furthermore, the masses of the companions can be obtained from their absolute infrared magnitudes, derived with their apparent photometry, the distances of their primaries, as well as with the evolutionary models of Baraffe et al. (1998) , using the average age of the stars of 5 Gyr. The SpTs of the comoving companions HD 16417 B and HAT-P-4 B could be determined with follow-up spectroscopy. For the remaining comoving companions, but HD 107148 B, the obtained infrared photometry was used to estimate their spectral types. HD 108863 B exhibits an infrared colour J − K s = 0.32 ± 0.05 mag, which corresponds to whose orbit parameter was just recently updated (a ≥ 27.8 au and e 0.6; see Farihi et al. 2013) .
Together with the nine binaries, discussed in this work, in total there are now 68 binaries, 13 triple, and one quadruple system known to host exoplanets, which were detected either via radialvelocity or transit observations. This results in a multiplicity rate of the exoplanet host stars of at least about 13 per cent, consistent with the rate found by Roell et al. (2012) .
